Bacterial strains of the genus Sphingomonas are often isolated from contaminated soils for their ability to use polycyclic aromatic hydrocarbons (PAH) as the sole source of carbon and energy. The direct detection of Sphingomonas strains in contaminated soils, either indigenous or inoculated, is, as such, of interest for bioremediation purposes. In this study, a culture-independent PCR-based detection method using specific primers targeting the Sphingomonas 16S rRNA gene combined with denaturing gradient gel electrophoresis (DGGE) was developed to assess Sphingomonas diversity in PAH-contaminated soils. PCR using the new primer pair on a set of template DNAs of different bacterial genera showed that the method was selective for bacteria belonging to the family Sphingomonadaceae. Single-band DGGE profiles were obtained for most Sphingomonas strains tested. Strains belonging to the same species had identical DGGE fingerprints, and in most cases, these fingerprints were typical for one species. Inoculated strains could be detected at a cell concentration of 10 4 CFU g of soil ؊1 . The analysis of Sphingomonas population structures of several PAHcontaminated soils by the new PCR-DGGE method revealed that soils containing the highest phenanthrene concentrations showed the lowest Sphingomonas diversity. Sequence analysis of cloned PCR products amplified from soil DNA revealed new 16S rRNA gene Sphingomonas sequences significantly different from sequences from known cultivated isolates (i.e., sequences from environmental clones grouped phylogenetically with other environmental clone sequences available on the web and that possibly originated from several potential new species). In conclusion, the newly designed Sphingomonas-specific PCR-DGGE detection technique successfully analyzed the Sphingomonas communities from polluted soils at the species level and revealed different Sphingomonas members not previously detected by culture-dependent detection techniques.
The genus Sphingomonas was proposed in 1990 by Yabuuchi et al. (55) to describe a group of bacterial strains isolated from human clinical specimens and hospital environments. During the past 10 years, Sphingomonas strains have also been isolated from a variety of anthropogeneously contaminated environments-including terrestrial (subsurface) soil (1, 3, 5, 7, 17, 29, 33-35, 39, 43) and rhizosphere soil (12) , sediment (river and subsurface sediments) (18, 19) , or aquatic habitats, such as wastewater (10, 20, 33) , groundwater (49) , freshwater (42, 44, 45, 53) , and marine water (21)-and were shown to possess unique abilities to degrade a variety of pollutants, including azo dyes (44) , chlorinated phenols (7, 11) , dibenzofurans (23, 52) , insecticides (38) , and herbicides (1, 26) . In addition, Sphingomonas strains are often isolated from contaminated soils as degraders of polycyclic aromatic hydrocarbons (PAHs) (5, 24, 35, 39) . PAHs are very hydrophobic toxic chemicals with low solubility in water, making them poorly available for natural bacterial degradation. Due to their ubiquitous distribution and their diverse catabolic capabilities towards recalcitrant or-ganic pollutants, Sphingomonas strains can be considered as important biocatalysts for soil bioremediation.
Therefore, it is of major interest to be able to monitor the presence, biodiversity, and dynamics of Sphingomonas species in the environment. However, until today, only a limited number of studies have reported Sphingomonas-specific detection and monitoring techniques. The culture-independent molecular identification methods described so far had been based on the extraction of typical sphingolipids (27) or ribosomal DNA (rDNA) or rRNA as marker molecules (27, 42, 47, 50) . Several rRNA gene-targeted fluorescence-labeled oligonucleotide probes were developed (i) by Thomas et al. (47) to specifically monitor the inoculated PAH-degrading Sphingomonas sp. strain 107 in soil via flow cytometry and (ii) by Schweitzer et al. (42) to analyze the composition of lake aggregate-associated Sphingomonas communities via fluorescent in situ hybridization (FISH). However, sphingolipid analysis gives no information on Sphingomonas diversity, and the currently available probes for detection of Sphingomonas by flow cytometry and FISH detect all species or only some species. Other researchers reported the application of specific PCR to detect Sphingomonas in environmental samples using the 16S rRNA gene as target molecule. van Elsas et al. (50) designed a specific primer set and internal probe targeting the ribosomal 16S rRNA genes to monitor by PCR Sphingomonas chlorophenolica RA2 (DSM8671) seeded in soil. Leung et al. (27) reported the need for two degenerate 16S rRNA gene primer sets (SPf-190/SPr1-852) for PCR detection of a spectrum of different Sphingomonas species in soil. Thus, none of the primer sets so far developed for PCR detection was designed to cover the total Sphingomonas genus, and degeneration made them unsuitable to directly assess the diversity of Sphingomonas species in soil by a fingerprinting method like denaturing gradient gel electrophoresis (DGGE).
This paper describes the design of a 16S rRNA gene-based nondegenerate primer set selective for specific PCR detection of all known Sphingomonas species and allowing subsequent differentiation between Sphingomonas species by DGGE analysis. The PCR-DGGE method was used to assess the phylogenetic diversity of the indigenous Sphingomonas strains in different PAH-contaminated soils.
MATERIALS AND METHODS
Bacterial strains and culture media. The bacterial strains used in this study are described in Table 1 . For genomic DNA extraction, all strains were cultivated in 869 broth (32) . For evaluation of the method's sensitivity, appropriate Sphingomonas strains were cultivated in a phosphate-buffered minimal liquid medium described by Wick et al. (51) , supplemented with 2 g of the appropriate PAH compound (ACROS Organics, Geel, Belgium) liter Ϫ1 provided as the sole carbon and energy source. All cultures were incubated in the dark on an orbital horizontal shaker at 200 rpm at a constant temperature of 30°C.
Soil samples. Soil samples were taken from different historically PAH-contaminated industrial sites, and their characteristics are summarized in Table 2 . The methods applied for chemical and physical analysis have been reported previously (N. Leys, A. Ryngaert, L. Bastiaens, P. Wattiau, E. Top, and D. Springael, submitted for publication).
Design of a Sphingomonas-specific 16S rRNA gene primer set. Circa 215 sequences (minimum of 1,200 bp long) of both environmental and clinical Sphingomonas species available from the GenBank database (6) were selected and aligned by using the RPDII Hierarchy Browser program (9) and ClustalW software (48) . The multiple alignment was further analyzed by TreeTop software for phylogenetic tree prediction and with the PLOTCON program (EMBOSS software, version 2.3.1) to identify variable gene regions. The sequence similarity was calculated by moving a window of 4 bp along the aligned sequences. Within the window, the similarity of any one position was taken to be the average of all possible pairwise scores (taken from the specified similarity matrix of the imported alignment) of the bases at that position. The average of the position similarities within the window was plotted, resulting in a similarity plot. The primers had to be located in a conserved region and had to amplify a variable region of a maximum of 500 bp to allow good DGGE analysis of the amplicons. Several possible primer combinations were visually selected from the constructed alignment of rrn genes of Sphingomonas species. The primer pairs were identified based on selectivity analysis using the Advanced BLAST Search program (Gen-Bank, National Center for Biotechnology Information [NCBI]) (2) and the Sequence Match program (RDPII) (9) . The final primer set consisted of the forward primer Sphingo108f (5Ј-GCGTAACGCGTGGGAATCTG-3Ј, Escherichia coli positions 108 to 128) and the reverse primer Sphingo420r (5Ј-TTAC AACCCTAAGGCCTTC-3Ј, E. coli positions 420 to 401). A 40-bp GC clamp (CGCGGGCGGCGCGCGGCGGGCGGGGCGGGGGCGCGGGGGG) (37) was attached to the 5Ј end of the reverse primer to allow DGGE analysis of the amplicons. This new primer pair Sphingo108f and GC40-Sphingo420r amplified a 312-bp sequence of the 16S rRNA gene, resulting in a PCR product 352 bp long.
DNA extraction. DNA was extracted from cultures and soil as described previously (Leys et al., submitted). The DNA concentrations in the 100-l cell extracts and 50-l soil extracts were measured spectroscopically. For PCR purposes, the concentration of pure strain DNA was adjusted to a final concentration of 100 ng l Ϫ1 . For Sphingomonas cells, 100 ng of DNA corresponds to circa 2.9 ϫ 10 7 cell equivalents and 2.9 ϫ 10 7 copies of PCR targets, assuming a genomic molecular size of 3.2 Mb (i.e., ca. 2.1 ϫ 10 9 Da ϭ 3.5 fg of DNA) per cell (13) and only one 16S rRNA gene copy per genome (15, 49) . To ensure that the soil DNA was of good quality for PCR, dilution series of all soil DNA extracts were tested in PCR with universal eubacterial 16S rRNA gene primer pair GC-63f and 518r with the forward primer linked to a 40-bp GC clamp (37) . Dilutions of 1:10, 1:100, and 1:1,000 soil DNA extracts in water were further used as a template in a dilution-to-extinction PCR with the appropriate primer sets.
PCR.
PCRs with universal eubacterial 16S rRNA gene primers were performed as previously described (31, 37) . The PCR protocol used with the Sphingo108f/GC40-Sphingo420r primer pair consisted of a short denaturation of 15 s at 95°C, followed by 50 cycles of denaturation for 3 s at 95°C, annealing for 10 s at 62°C, and elongation for 30 s at 74°C. The last step included an extension for 2 min at 74°C. PCR was performed on Biometra (Göttingen, Germany) or Perkin-Elmer (Norwalk, Conn.) PCR machines. PCR mixtures contained 100 ng of pure strain DNA or dilutions of soil DNA as templates, 1 U of Taq polymerase, 25 pmol of the forward primer, 25 pmol of the reverse primer, 10 nmol of each deoxynucleoside triphosphate (dNTP), and 1ϫ PCR buffer in a final volume of 50 l. The Taq polymerase, dNTPs, and PCR buffer were purchased from TaKaRa. DGGE analysis. The PCR products were checked on 1.5% agarose gels (Meta-Phor, BioWhittaker, Labtrade, Inc., Miami, Fla.) and directly used for DGGE analysis on polyacrylamide gels as described by Muyzer et al. (36) . Optimal denaturing conditions were defined based on the theoretical melting temperatures of amplification fragments produced with the Sphingo primer set as calculated with the DAN program (EMBOSS, version 2. Sensitivity of PCR detection. To examine the sensitivity of the PCR method to detect Sphingomonas strains in soil, a standard made up of living cells of Sphingomonas sp. strain LB126 was added at different final cell concentrations (i.e., approximately 10 5 , 10 4 , 10 3 , 10 1 , and 10 0 CFU g Ϫ1 ) to an uncontaminated model soil prior to DNA extraction. Before they were added to the soil samples, the cultures were filtered over glass wool to remove the excess of PAH crystals, washed twice, and finally appropriately diluted in an isotonic aqueous solution of 0.85% (wt/vol) NaCl. The total soil DNA extract was subsequently used as a template in PCR with the Sphingo primers, and PCR products were analyzed by DGGE.
PCR-DGGE analysis of Sphingomonas communities in PAH-contaminated soils. To assess the presence of Sphingomonas strains in a set of contaminated soils, soil DNA extracts were analyzed in PCR with the Sphingo primer set. To roughly estimate the concentration of the detected Sphingomonas cells, dilution series of noninoculated soil DNA extracts (1:1, 1:10, 1:100, and 1:1,000 dilutions in water) were tested in a dilution-to-extinction PCR approach, similar to the most probable number (MPN)-PCR approach. The final cell density within a soil was deduced from the highest template dilution for which a PCR product was still detected, taking into account that the highest dilution giving a signal contained a cell density approaching the determined detection limit. Parallel soil samples with added cells were regarded as positive PCR controls to ensure that negative PCR results with samples without added cells were not due to PCR inhibition effects. 16S rRNA gene amplicons resulting from PCR with the Sphingo primer set on the soil DNA extracts were cloned into plasmid vector pCR2.1-TOPO by using the TOPO cloning kit (N.V. Invitrogen SA, Merelbeke, Belgium) as described in the kit's protocol without prior concentration or purification. Clones containing recombinant vectors with the appropriate 16S rRNA gene fragment were compared with the soil Sphingomonas community fingerprints by using DGGE to identify which bands from the pattern were selected. A selection of clones with different DGGE patterns was sequenced by the Westburg Company. The 16S rRNA gene sequences obtained from the cloned PCR products were submitted to the Chimera Check program (RDPII) (9) to detect possible chimeras that could have been formed during PCR (30) . A similarity analysis of the 16S rRNA gene sequences was obtained by using the Advanced Blast Search program (GenBank, NCBI) (2). To study the evolutionary relationships between the 16S rRNA gene sequences retrieved from PCR-amplified soil DNA and from known Sphingomonas species, clone sequences were imported into the alignment and edited manually to remove nucleotide positions of ambiguous alignment and gaps. Sequence similarities were calculated for the total length of the 16S rRNA gene sequences and corrected using Kimura's twoparameter algorithm to compensate for multiple nucleotide exchange, and a distance-based evolutionary tree was constructed using Kimura's corrected similarity values in the neighbor-joining algorithm of Saitou and Nei (40) . The
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RESULTS
Design of a Sphingomonas genus-specific primer set. The rrn gene is moderately conserved within the Sphingomonas genus, as was indicated by a similarity plot created from an alignment of Sphingomonas 16S RNA gene sequences (minimum of 1,300 bp). The alignment showed a minimum similarity of ca. 89% over the total length of the rrn gene within the Sphingomonas genus (data not shown). From the alignment, we selected a new nondegenerate primer set that would anneal to 16S rRNA gene sequences and that spanned a region between 200 and 600 bp long with high variability in order to allow differentiation of the various species by DGGE analysis of the PCRproducts. Blast (NCBI) and Sequence Match (RPDII) analyses (April 2003) were used to check primer selectivity. Of the six different primers selected and tested in different appropriate combinations (data not shown), the primer pair Sphingo108f/ Sphingo420r was the best combination possible, targeting as many Sphingomonas species as possible and as few as possible non-Sphingomonas sequences. The forward primer Sphingo108f was highly selective for the Sphingomonas genus ( Table 3 ). Of all sequences available in the NCBI database (9), which currently holds circa 375 Sphingomonas genus sequences of all lengths, ca. 350 sequences were found 100% homologous to the Sphingo108f primer sequence by using the Sequence Match software (RDPII). Besides, within Sphingomonas strains, the forward primer was also 100% conserved in 16S rRNA gene sequences of Sandaracinobacter, Zymomonas, Porphyrobacter, Erythrobacter, or Erythromicrobium strains, which like Sphingomonas belong to the family Sphingomonadaceae (Table 3) . Only a few of the sequences with 100% homology to primer Sphingo108f (ca. 20 sequences) corresponded to some Caulobacter, Pseudomonas, or Rhizobium strains. At least two mismatches were found between the primers in 16S rRNA gene sequences of other strains not belonging to the family Sphingomonadaceae ( Table 3 ). The reverse primer Sphingo420r proved to be more conserved (i.e., at least 1,600 sequences in the bacterial ribosomal database showed 100% similarity to the primer sequence). Sequences of all genera of Other Sphingomonadaceae family strains Sandaracinobacter sibericus RB16-17 (Y10678) genera (i.e., Porphyrobacter, Erythrobacter, Zymomonas, and Erythromicrobium) and faint signals were obtained for some Rhizobium strains. In PCR with the DNA of the 11 tested non-␣-Proteobacteria genera (Table 1) , no products were detected. It can thus be concluded that the newly designed primer set Sphingo108f/Sphingo420r is selective for the detection of Sphingomonas strains and probably all bacteria belonging to the family Sphingomonadaceae. DGGE analysis of pure strain PCR fragments amplified with the Sphingo primer set. In order to examine if DGGE analysis would allow direct differentiation of Sphingomonas species in mixed environmental communities, a GC40 clamp was attached to the reverse primer Sphingo420r and the PCRobtained 16S rRNA gene fragments were loaded on a DGGE gel ( Fig. 1 ). All tested Sphingomonas strains were characterized by a DGGE profile consisting of a single band, except for S. trueperi DSM7225 T (lane 27) and S. paucimobilis DSM7463 T (lane 20), which showed two less-intense additional bands. Strains which are very closely related based on the 16S rRNA gene, most likely belonging to the same species, showed identical DGGE fingerprints, as indicated for strains VM0506 and LB126, closely related to Sphingomonas chungbukensis (lanes 1 and 2), or three S. subarctica strains (lanes 21 to 23). Different species showed mostly different DGGE fingerprints. However, some very closely related species (amplicon similarity of Ͼ97%) displayed similar DGGE fingerprints, like, for example, S. paucimobilis and S. parapaucimobilis (lanes 24 and 25) or Sphingomonas asaccharolytica and Sphingomonas pruni (lanes 9 and 10). Similar DGGE fingerprints were also found for two more distantly related species, such as Sphingomonas mali and Sphingomonas terrae (lanes 5 and 6).
Limit of detection of Sphingomonas in soil using the PCR protocol with primers Sphingo108f and GC40-Sphingo420r. An inoculated soil experiment was set up to investigate the amplification sensitivity of the new primer set Sphingo108f/ GC40-Sphingo420r. Living cells of Sphingomonas sp. strain LB126 were added at different final cell concentrations to an uncontaminated model soil prior to DNA extraction. Sphingomonas strain LB126 could be detected down to a cell concentration of 2 ϫ 10 4 CFU g Ϫ1 .
Analysis of Sphingomonas soil populations with primer set Sphingo108f/GC40-Sphingo420r. Different PAH-contaminated soil samples with different contamination records from different European sites (Table 2) were screened for the presence of Sphingomonas species by PCR with the Sphingo primer set on total soil DNA extracts followed by DGGE analysis of the resulting 16S rRNA gene amplicons for diversity analysis. The DNA concentration in the soil extract indicated an approximate DNA recovery of 0.135 to 1.375 g of DNA g of soil Ϫ1 . Assuming that 100% of the in situ biomass represents bacteria and a bacterial cell contains in general 5 fg of DNA per cell (8) , this would theoretically be equivalent to 2.7 ϫ 10 7 to 2.8 ϫ 10 8 cells g of soil Ϫ1 . Indigenous Sphingomonas could be detected in all tested soils (Fig. 2) . The dilution-to-extinction PCR method roughly estimated the total Sphingomonas cell concentration to be between 10 5 and 10 6 cells per g of soil ( soil samples retrieved by PCR with primer set Sphingo108f/ GC40-Sphingo420r were relatively complex, comprising several bands for each sample (Fig. 2) . Soils containing highest concentrations of PAHs showed the lowest number of Sphingomonas 16S rRNA gene bands, while less-contaminated soils showed a significantly higher number of bands in DGGE fingerprinting. The diversity differences among the samples were further analyzed by random cloning of 16S rRNA gene PCR products and sequencing of clones showing diverse DGGE patterns. A comparison of the soil DGGE profiles and the DGGE profiles obtained with the soil clones allowed presumptive identification of some bands (Fig. 2) . Most cloned sequences matched significantly (93 to 99% similarity) with 16S rRNA gene Sphingomonas sequences from the databases by Blast analysis (Table 4 ). However, 60% of the Blast results were sequences from "uncultured" ␣-Proteobacteria and Sphingomonas isolates with unknown phylogenetic positions within the Sphingomonas genus. To further identify the species lineation, the 40 cloned 16S rRNA gene sequences were aligned with ca. 200 database sequences and a phylogenetic tree was constructed. Phylogenic analysis revealed that all clone sequences exhibited high levels of similarity to sequences typical of the family Sphingomonadaceae, except one (clone Barl/9) that was more related to other ␣-Proteobacteria (Table 4 and Fig. 3 ). Only a few clone sequences were placed in groups with Sphingomonadaceae genera different from Sphingomonas, like Sandaracinobacter (clone TM/2) or Erythrobacter (clone TM/ 3), which are intermixed with the clusters of the Sphingomonas genus in the phylogenetic tree ( Fig. 3) . Thus, most cloned sequences were affiliated with true Sphingomonas sequences, confirming the specificity of the newly designed Sphingo primer set. However, only a very small percentage of cloned sequences (5 of 40) seemed to be related to cultured PAHdegrading identified Sphingomonas species, such as S. wittichii (Barl/1 and TM/1), S. yanoikuyae and S. xenophaga (Barl/8), S. chilensis (3840/2), and S. subarctica (Barl/8). These culturable PAH-degrading Sphingomonas isolates are exclusively connected to strains found in the former "Sphingobium," "Sphingopyxis," and "Novosphingobium" genera proposed in 2001 by Takeuchi et al. (46) . There were no PAH-degrading isolates or cloned sequences from PAH-contaminated soil found to be related to any of the species of the former "Sphingomonas sensu stricto" genus. Most clone sequences isolated in this study were rather grouped in clusters with other uncultured Sphingomonas 16S rRNA gene sequences and a few unidentified Sphingomonas sp. 16S rRNA gene sequences. Thus, these ). An especially high fraction of cloned sequences (12 of 40 clones) was found in the clusters of possible new species 2. Most sequences originating from one soil were relatively taxonomically spread across the total Sphingomonas genus, except for the sequences originating from soil AndE, the most heavily contaminated soil tested, for which 5 of 6 sequences grouped together in the cluster with S. cloacae IAM14885 T .
DISCUSSION
To analyze and monitor the diversity and dynamics of the Sphingomonas population during bioremediation processes, a detection method allowing simultaneous detection of several Sphingomonas species was developed. Up to now, the available primer combinations based on 16S rRNA gene were relatively strain and/or species specific (27, 50) and were not suited for simultaneous detection of all PAH-degrading Sphingomonas species. Therefore, we developed a new set of Sphingomonas genus-specific 16S rRNA gene primers: primer set Sphingo108f/Sphingo-420r. As the primer set had to target the whole Sphingomonas genus, we were not able to exclude the detection of other Sphingomonadaceae genera, such as Zymomonas, Porphyrobacter, Erythrobacter, and Erythromicrobium, intermixed with the Sphingomonas genus branches in the 16S rRNA gene-based phylogenetic tree of the Sphingomonadaceae and some Rhizobium strains. Most tested Sphingomonas species were characterized by a single-band DGGE fingerprint of the amplicon obtained after PCR with the Sphingo108f/GC40-Sphingo420r primer set. A multiple-band DGGE pattern was found for only 2 of 40 tested strains. A multiple-band DGGE fingerprint for a pure strain could indicate multiple 16S rRNA gene copies with sequence divergence. So far, only two references could be found that report on the rRNA gene copy number in Sphingomonas species. Both reports show only 1 rrn gene copy number for Sphingomonas strains MT1 (DSM13663) (49) and S. alaskensis RB2256 (DSM 13593 T ) (15) . In addition, also in the draft genome sequence of S. aromaticivorans DSM12444, available at the Joint Genome Institute web site (http://www.jgi.doe .gov/), so far only one 16S rRNA gene copy has been identified in one contig. However, one rrn gene copy is relatively exceptional in the bacterial world: in most prokaryotes, the rDNA consists of tandem repeated arrays of the rrn genes (25) . The closely related organism Zymomonas mobilis ZM4 (ATCC 31821), for example, contains four gene copies (22) . Further molecular analysis is needed to confirm that the tested S. trueperi and S. paucimobilis species type strains indeed contain multiple rrn gene copies that could explain the multiple-band DGGE pattern.
Pure strain DGGE fingerprints were mostly inter-and intraspecies specific: i.e., strains officially belonging to the same species showed identical DGGE fingerprints and different species showed different DGGE fingerprints. Overlapping fingerprints were found for some strains and species. Similarly, temperature gradient gel electrophoresis (TGGE) and DGGE analyses of 16S rRNA gene fragments could not discriminate between several species of Burkolderia (14) and Bifidobacterium (41) or Arthrobacter and Nocardioides (16) , due to the high levels of conservation of the amplified 16S rRNA gene fragments. It is clear that the practical resolution limit of the DGGE technique is at the species or genus level or intermediate between the two, depending on the gene conservation level within the taxonomic group under investigation. However, all currently known species grouping-related PAH-degrading Sphingomonas strains could be well separated on a DGGE gel, indicating that the newly developed PCR-DGGE technique was suitable to assess the diversity and dynamics of currently known PAH-degrading Sphingomonas populations in soil. These results suggest that each band in a Sphingomonas community DGGE fingerprint of environmental samples produced by the Sphingo primer set would mostly indicate only one species or very closely related species.
It has been proven that the new Sphingomonas-specific primer set was still amplifying 16S rRNA genes from different species at cell concentrations of 10 4 CFU g Ϫ1 in different soil types. This detection limit could be expected for all Sphingomonas species, since most Sphingomonas species seem to contain only one 16S rRNA gene copy. The same cell concentrations for different species would lead to the same template target concentrations (16S rRNA gene concentration) and thus the same detection levels. The detection limit of 10 4 CFU g Ϫ1 is lower than other reported detection sensitivities for similar direct PCR methods, such as, for example, those for Burkholderia species (5 ϫ 10 5 CFU g Ϫ1 ) (14) or Mycobacterium species (ca. 10 6 CFU g Ϫ1 ) (Leys et al., submitted), especially since Sphingomonas species seem to contain only one target copy in their DNA in comparison with most other soil bacteria, which can contain many copies of the rrn genes per cell (e.g., five to six copies for Burkholderia), which in the latter case will improve the cell detection limit.
Finally, the newly developed PCR-DGGE method using the new Sphingo primer set allowed us to analyze the indigenous Sphingomonas population in five different PAH-contaminated soils. Sphingomonas species were present in all tested soils, originating from very different locations and characterized by very different geological and chemical properties. Their relatively high cell concentrations of 10 5 to 10 6 cells per g of soil and their frequent isolation from contaminated soils during enrichment on PAHs as carbon sources (5, 24, 35, 39) indicate that Sphingomonas strains seem to be important colonizers and possibly endemic pollutant degraders in PAH-contaminated soils.
Sequence analysis of DGGE band patterns revealed the presences of "new" 16S rRNA gene sequences grouped in possibly four new Sphingomonas species and one new Sphingomonadaceae genus. Most soil-extracted Sphingomonas sequences had only a limited relationship with identified species and cultivated PAH-degrading isolates. These results were compared with the results obtained with a culture-dependent Sphingomonas detection method: i.e., a selective plating technique based on the intrinsic streptomycin resistance and the typical yellow morphotype of Sphingomonas, tested on the same soil samples (K. Vanboekhoven, unpublished data). The dominant cultivable Sphingomonas strains isolated in that work were very different from the dominant Sphingomonas strains detected by our molecular method. Based on 16S rRNA gene sequence, the isolates were mostly grouped in an unidentified cluster-possibly a new species-with Sphingomonas sp. strain LH227 (5) (9 of 22 isolates) or in a cluster with S. taejonensis, S. chilensis, and S. witflariensis (5 of 22 isolates). Only a very few of our clone sequences were related to 16S rRNA genes of the isolates, and if there was a relationship, clones and isolates seldom originated from the same PAH-contaminated soil. It might be that the dominant strains detected by the PCR-based Rhodospirillum was included to root the tree. The bar at the top indicates the percent similarity, with 1% indicating 1 nucleotide substitution per 100 positions. The tree was tested for branching order confidence by maximum-parsimony analysis and a round of 500 bootstraps. Bootstrap values are indicated at branch points, and values above 70% indicate reliable branches. Extended branches were collapsed to form smaller blocks. Most important representative strains are indicated per block, with the accession numbers of the sequences indicated between parentheses. Species harboring PAH-degrading isolates are indicated with an asterisk. The positions of the clone sequences retrieved from soil are indicated on the right of the tree. Species are grouped based on their 16S rRNA gene sequence similarity. Species groups resembled the clustering previously described by Takeuchi et al. (46) , who divided the Sphingomonas genus into four new genera based on the 16S rRNA gene dendrogram. Later, this division of the Sphingomonas genus was reconsidered by Yabuuchi et al. (54) due to the lack of phenotypic and biochemical evidence. The clusters in the figure indicated as I to IV represent the phylogenetic clusters previously assigned to the genera "Sphingomonas sensu stricto," "Sphingobium," "Novosphingobium," and "Sphingopyxis," respectively (46).
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SPHINGOMONAS DIVERSITY IN PAH-CONTAMINATED SOIL 1953 method are streptomycin sensitive and therefore were excluded from the population detected by the culture-dependent approach. However, this is unlikely, since all Sphingomonas species tested so far have been streptomycin resistant. Moreover, most of our cloned sequences were most similar to sequences of other uncultured Sphingomonas strains. Thus, based on the nature of the new sequences detected using the culture-independent technique, these sequences most likely represent truly nonculturable Sphingomanas strains present in soil.
A diverse group of Sphingomonas strains belonging to different species clusters in the genus were present at relatively equal cell concentrations in low and moderately contaminated soils. Soils containing high concentrations of PAHs (mainly phenanthrene) were characterized with less-complex DGGE band patterns than less-contaminated soils and hence seem to be dominated by a less-diverse group of Sphingomonas species. Our results may suggest that high PAH concentrations have enriched a few Sphingomonas strains in a very high concentration, which possibly masked the detection of other species present in lower concentrations. The soil DGGE fingerprinting technique did clearly show some additional community information (noncloned fainter bands in the fingerprints) that simple cloning procedures could not reveal. Pure cloning strategies did not allow a complete qualitative or accurate quantitative determination of the microbial population presented by the gene pool extracted from the habitat under study as previously concluded by Liesack et al. (28) . More intense bands within the DGGE fingerprint were clearly cloned more easily.
In conclusion, the PCR-DGGE detection method described in this study, based on newly developed Sphingomonas-specific primers, proved to be a powerful tool for analyzing Sphingomonas population diversity and dynamics in environmental samples. Furthermore, the primers developed in this study could be useful in a reverse transcription-PCR approach targeting rRNA in order to identify the active Sphingomonas strains involved in PAH biodegradation in the environment.
